The optical characterization of malignant and benign breast lesions is presented. Time-resolved transmittance measurements were performed in the 630-1060 nm range by means of a 7-wavelength optical mammograph, providing both imaging and spectroscopy information. A total of 62 lesions were analyzed, including 33 malignant and 29 benign lesions. The characterization of breast lesions was performed applying a perturbation model based on the high-order calculation of the pathlength of photons inside the lesion, and led to the assessment of oxy-and deoxyhemoglobin, lipids, water and collagen concentrations. Significant variations between tumor and healthy tissue were observed in terms of both absorption properties and constituents concentration. In particular, benign lesions and tumors show a statistically significant discrimination in terms of absorption at several wavelengths and also in terms of oxy-hemoglobin and collagen content. 
Introduction
Breast cancer is one of the most common tumors and one of the leading causes of death in women [1] . According to estimates of lifetime risk by the U.S. National Cancer Institute [2] , in the U.S. 1 in 8 women will develop breast cancer in their lifetime.
Many countries (e.g. U.K., Italy, Australia) offer screening programs to women for prevention, typically between 50 and 70 years of age, since early diagnosis and consequent therapy significantly reduces mortality and could improve the quality of life [3] . Breast screening essentially relies on X-ray mammography, which is the first line of defense in the early diagnosis of the breast cancer. However, mammography is less accurate in patients with dense glandular breasts [4] , including young women, with reported sensitivity as low as 48%.
Optical mammography is an interesting emerging diagnostic tool which can operate at multiple wavelengths so as to combine imaging and spectroscopic information for lesion detection and characterization at the same time. In addition to its non-invasive nature, optical mammography has the capability to investigate dense breasts, typical of young women. Breast lesion characterization by non-invasive optical means is important since the evaluation of lesion composition could lead to reduce the biopsy examination, which at present is the only one able to establish the histological nature of the lesions, but it is invasive.
Recently, several clinical studies have been performed exploiting either frequencydomain or time-resolved optical instruments, both in reflectance and in transmittance geometry, aiming at the assessment of scattering and absorption properties of both the female breast and lesions, if present [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The characterization of breast lesions in terms of the main tissue constituents is also becoming the goal of some research studies, even if most still focus on the assessment of blood parameters since breast cancers are usually identified through the detection of neovascularized areas that make tumors appear as strongly absorbing at red wavelengths. Studies on breast lesions have reported increased blood content in cancers [16] [17] [18] [19] [20] [21] [22] [23] as compared to the surrounding normal tissue. Only in some studies, an extension of the spectral range was performed for the quantification also of water and lipids, since they are dominant constituents of the breast tissue. Up to know, preliminary studies on malignant breast lesions were performed, showing a reduction of lipid content and an increase of water and blood compared to normal breast tissue [24] [25] [26] [27] [28] [29] [30] .
It is also emerging that another chromophore is important for the detection and characterization of breast lesions, that is collagen. It is in fact involved in the onset and progression of breast cancer [31, 32 ], yet no optical study has been performed so far aiming at the assessment of collagen content in lesions.
In this work, we report on the preliminary results of a clinical study that enrolled more than 200 patients, based on multi-wavelength time-resolved transmittance measurements. A perturbation model based on the high-order calculation of the pathlength of photons inside the defect has been applied to retrieve the optical properties and the constituent concentration of a small inhomogeneity embedded in a homogeneous medium [33] . The in vivo characterization of malignant and benign breast lesions in terms of absorption properties and main constituents (blood, lipids, water and collagen) is presented. In particular a comparison is made in terms of absorption properties and tissue composition of both malignant and benign lesions with respect to the surrounding tissue in order to understand the capability to discriminate healthy and diseased breast tissue. Another goal of this study is the discrimination between malignant and benign lesions both in terms of absorption properties and tissue composition.
Instrument set-up
The instrument was designed to collect projection images in compressed breast geometry, in the same configuration as conventional X-ray mammography. Seven pulsed diode lasers are used as light sources emitting at 635, 680, and 785 nm (visible, VIS), and at 905, 930, 975 and 1060 nm (near-infrared, NIR), with average output power of ~1-5 mW, temporal width of ~150-400 ps and repetition rate of 20 MHz. The breast is softly compressed between parallel glass plates. The output light is collected on the opposite side of the compression unit by a fiber bundle, whose distal end is bifurcated, and its two legs guide photons respectively to a photomultiplier tube (PMT) for the detection of VIS wavelengths (R5900U-01-L16, Hamamatsu, Japan) and to a PMT for NIR wavelengths (sensitive up to 1100 nm, H7422P-60, Hamamatsu, Japan). Two PC boards for time-correlated single photon counting (TCSPC) are used for the acquisition of the seven time-resolved transmittance curves. The compressed breast is raster-scanned continuously, recording data every millimeter. A complete scan of one view typically requires 5 min. A detailed description of the set-up is reported in [34] .
Data analysis

Homogenous model for bulk breast tissue characterization
Information on tissue composition and structure is obtained directly from time-resolved curves measured at 7 wavelengths. A spectrally constrained global fitting procedure [35] , based on an analytical solution of the diffusion approximation (with the extrapolated boundary condition) for an infinite homogeneous slab [36, 37] , is applied. Free parameters of the fit are the concentrations of oxy-and deoxy-hemoglobin (HbO 2 and Hb, respectively), water, lipids, and collagen, together with the scattering amplitude a and power b. The Beer law is then used to estimate the absorption coefficient at each wavelength from the concentrations of the main tissue constituents. By the knowledge of the parameters a and b, the reduced scattering coefficient is modeled and obtained through a simple approximation to
, where we set λ o = 600 nm; in this way a is the interpolated scattering coefficient μ' s (λ o ) [38, 39] .
For each breast view and wavelength, the estimate of bulk optical properties is limited to a reference area that excludes boundaries and marked inhomogeneities, but still includes most of the breast. To select that area, the mean time-of-flight (i.e. the first moment of the time-resolved transmittance curve) is calculated for each image pixel, and only pixels with mean time-of-flight greater than or equal to the median of the distribution are included in the reference area, named matrix of time of flight (MTOF). The optical properties and the constituent concentrations of bulk tissue are then obtained as averages over the MTOF reference area. Examples of automatic MTOF selection are presented in Section 5.
Perturbation model for lesion characterization
In order to optically characterize breast lesions, we assume that they can be treated as localized absorption perturbations embedded in an otherwise homogeneous diffusive medium. The unperturbed and perturbed time-resolved transmittance curves, T 0 (t) and T(t), respectively, can be linked exploiting the modified Lambert-Beer's law:
where l(t) is the mean pathlength traveled in the inclusion by photons detected at time t, while ∆µ a represents the absorption variation inside the inclusion with respect to the unperturbed homogeneous background absorption µ a,0 . The pathlength l(t) can be derived as [40] :
Equation (1) holds true in ideal conditions that is when the time response of the instrumentation is δ-like. We assumed that a similar relationship can be applied also when the experimental set-up has non-ideal temporal characteristics defined by its instrumental response function (IRF):
where ( )
are the unperturbed and perturbed time-resolved transmittance curves measured by the optical mammograph, while ( ) t l~ represents the photon pathlength traveled in the inclusion in this realistic case [42] and can be derived similar to Eq. (2):
The pathlength ( ) t l~ has been calculated by performing the numerical derivative reported in Eq. (4) exploiting an 8 th order perturbation method for deriving the expression of the timeresolved transmittance curve for a homogeneous medium with an inclusion inside [33] .
Finally, we considered temporal binning of the measured time-resolved curves, in order to improve the signal-to-noise ratio. In particular, for this work data were analyzed dividing the transmittance curves in 10 equal-counts windows [41] . The 8 th window was then considered for the analysis to provide information on the absorption of the investigated medium, since it is related to late photons which are less affected by an eventual scattering variation inside the inclusion. Correspondingly, for the pathlength ( ) t l~ a similar binning procedure was implemented [42] and the equivalent gate was considered.
Then, from Eq. (3), the knowledge of the pathlength inside the inclusion allows one to calculate the absorption variation ∆µ a as:
where T pert and T MTOF are the 8 th temporal windows of the experimental perturbed and background reference transmittance curves, respectively, while l 8 th is mean pathlength traveled inside the inclusion by photons detected at the 8 th temporal window. The background unperturbed curve is obtained as an average over the MTOF that excludes boundaries and marked inhomogeneities (as reported in Sec 3.1). The experimental perturbed curve is obtained from an area centered on the corresponding inhomogeneity (i.e. lesion) position. The area size strictly depends on the lesion size. For lesion diameters >15 mm, an area of 9x9 mm 2 was selected, otherwise 5x5 mm 2 . Starting from ∆µ a and knowing the extinction coefficient of the main constituents of breast tissue, by the Beer law we can estimate the variation of the concentrations ∆C i between lesion and background tissue (in terms of blood, water, lipid and collagen).
The perturbation method adopted here relies on the a priori knowledge of the volume and location of the inhomogeneity. We have always assumed a spherical inhomogeneity located at halfway between source and detector. For the size, we considered an equivalent sphere based on the maximum diameter of the lesion obtained by histopathology, when available, or by RX or US elsewhere.
Data analysis for imaging
A dedicated software, written in the Matlab environment (R2010, The Mathworks Inc. Natick, USA), is used to create images of the absorption variation (∆µ a maps) between an eventual lesion located at pixel (x,y) and the healthy tissue. Similarly to Eq. (5), the absorption variation in each pixel is derived as:
The aim of the ∆µ a maps is to highlight the difference between the lesion and the surrounding tissue in terms of the absorption at the 7 wavelengths. Moreover, starting from the ∆µ a maps and considering the Beer law, it is possible to reconstruct the concentration variation maps (∆C i maps) between lesion and healthy tissue in terms of breast constituents (i.e., oxy-and deoxy-hemoglobin, lipids, water and collagen).
Clinical study
From June 2009 to January 2014, 218 subjects (mean age 51 years, age range 19-79 years) were enrolled in the clinical study. The Institutional Review Board at the European Institute of Oncology (Milan, Italy) approved the study and written informed consent was obtained from all the participants. The clinical study had twofold aim: the non-invasive assessment of breast density by optical means (not considered here) [43, 44] , and the optical characterization of malignant and benign lesions.
Optical images were routinely acquired from both breasts in cranio-caudal (CC) and oblique (OB, 45•) views, to allow easy comparisons with the X-ray mammograms, typically available in the same views for all patients.
So far we have performed the full analysis for 62 patients for which the complete clinical information is available (mean age 51 years, age range 21-79), each bearing a lesion. In particular, 33 patients with a malignant lesion and 29 with a benign lesion were analyzed.
A retrospective study was performed and optical images were analyzed comparing them to X-ray mammograms acquired in the same views. After data analysis of the homogeneous area of the breasts included in the dataset for this study, 1 out of the 33 malignant cases and 1 out of the 29 benign ones were excluded from further analysis for lesion characterization, because of the weak signal that caused problems to the fitting procedure. Fifteen out of the 32 malignant cases and 16 out of the benign ones were analyzed only in one view (either CC or OB), because they were not clearly detected in the other view. The number and type of lesions included is reported in Table 1 . As reported in Table 1 , there are several types of both malignant and benign lesions. For data analysis, due to the limited frequency of each type, all the benign lesions were grouped in a single category, named 'Benign' and all the malignant in another one, named 'Malignant'.
Results and discussion
The goal of this study is to assess in vivo by optical means the spectral absorption properties and the composition of malignant and benign breast lesions in order to understand if these pieces of information allow one to distinguish diseased tissue from healthy one, and to discriminate between malignant and benign lesions.
Imaging
An example of Δµ a maps at the 7 wavelengths is shown in Figure 1 , together with the X-ray image of the CC view of the left breast of a patient (#13) with a phylloides tumor (benign) of 45 mm in the upper-outer quadrant. This type of lesion is considered as atypia and has a very rapid growth. It is a fibro epithelial tumor with an epithelial and a cellular stromal component. The lesion area, selected based on the criteria mentioned in Section 3.2, is also displayed at the bottom left of Figure 1 . Moreover, images representing the MTOF reference background area of the same breast are reported in Figure 1(b) , showing that it corresponds to most of the breast, but excludes boundaries and marked inhomogeneities.
In general, all Δµ a maps show different absorption properties between the lesion and the healthy tissue at the 7 wavelengths. The tumor is evident with a good contrast at short wavelengths (635-685 nm), suggesting a high blood content. Good contrast is achieved also at 975 nm and 1060 nm and can be ascribed to the fibrous nature of the lesion that implies high water and collagen content and is evident as radiopaque tissue in the X-ray image. Even if with lower contrast, the tumor is also detected at 905 and 930 nm. The tumor area has different shape and extension at different wavelengths, It is possible to note a double clear area at 905, 930 nm and 1060 nm, whereas only one clearer area at 975 nm in the lower region of the lesion. This is due to the different nature tumor composition. Higher hemoglobin, water and collagen content in the lesion area with respect to the surrounding healthy tissue, and lower oxy-hemoglobin and lipid content are estimated. This is compatible with the lesion nature, since the phylloides tumor can contain blood and has a stromal component. ∆C i maps confirm the heterogeneous composition of the lesion, which appears smaller when blood and water are considered, and wider in the lipid (and perhaps collagen) map. Figure 3 shows Δµ a maps at the 7 wavelengths together with the X-ray image of the CC view of the left breast of a patient (#99) with a 25 mm invasive ductal carcinoma (malignant) in the retroareolar region. A clear white area corresponding to the lesion is observed at each wavelength. The mammary gland is also characterized by strong absorption at 635-785 nm and at 975-1060 nm. On the contrary, strong diffuse absorption at 930 nm indicates that the breast tissue is generally fatty. In fact, in the X-ray image the lesion and the gland are radiopaque (fibrous), while the surrounding tissue is translucent (adipose). A blood vessel is also clearly visible in both optical and radiological images.
The corresponding ∆C i maps of the same breast are reported in Figure 4 . A slight increase can be appreciated in the total hemoglobin content (due in particular to an increase in the oxy-hemoglobin content) in the lesion area with respect to the surrounding tissue. Similarly, the blood vessel is clearly identified by a high tHb value due to high HbO 2 content. Slightly higher collagen content can be also seen at the lesion location. In the water map only a large white area corresponding to higher water content can be observed, probably due to the presence of the mammary gland that masks the closely located tumor.
Comparison of absorption and tissue composition between malignant and benign lesions
As first step we tried to discriminate diseased from healthy tissue. We statistically quantified the differences in terms of absorption between malignant and benign lesions and corresponding healthy tissue using the Wilcoxon test. Table 2 reports the corresponding pvalues. From Table 2 , the absorption difference with respect to healthy tissue is statistically significant (p < 0.05) for both benign and malignant lesions at all wavelengths, except for benign lesions at 930 nm. These results show a significant discrimination between diseased tissue and healthy one, suggesting the absorption variation as a good parameter for diagnostic purposes.
Among women a wide variability of breast tissue absorption properties can be observed. Since Δµ a refers the absorption properties of the lesion to those of the surrounding healthy tissue, it can also account for the inter-subject variability of the background tissue when evaluating the optical differences between malignant and benign lesions. Figure 5 reports the Δµ a of both malignant and benign lesions at the 7 wavelengths. Fig. 5 . Comparison of the absorption variation Δµ a for both malignant and benign lesions at the 7 wavelengths. For a better data visualization, the lower limit of the y-axis was rescaled to -0.5, excluding one outlier.
On average malignant lesions have higher absorption variation with respect to benign ones in the whole spectral range. In order to quantify the differences between the two lesion categories, Table 3 reports the p-values obtained by the Mann-Whitney test when comparing the absorption variation for malignant versus benign lesions. For what concerns the constituent concentrations, the differences between both lesion types and the corresponding healthy tissue were also statistically quantified. This parameter allows us to estimate which constituents are more involved in diseased tissue, and in particular if there are different concentrations between malignant and benign lesions. Table 4 reports the corresponding p-values. The correlation between malignant and benign lesions was also performed in terms of constituent concentration variation ∆C i , as reported in Figure 6 . Figure 6(a) confirms the higher blood concentration in both malignant and benign lesions with respect to the healthy tissue. Moreover, difference in terms of blood concentration is observed between malignant and benign lesions. In particular, oxy-hemoglobin is present in higher amount in malignant lesions with respect to benign ones, and that also yields higher total hemoglobin content. This result is consistent with tumor volume being characterized by high vascularization. For what concerns the other main constituents of breast tissue, for both lesion types higher collagen and slightly higher water content is observed, together with slightly lower lipid content. For all constituents, the concentration difference is more marked for malignant lesions than for benign ones. For the first time collagen concentration has been quantified, allowing a more complete characterization of the tumor tissue constituents. Actually, among the three major constituents, the most significant variation occurs for collagen. This result is in agreement with observations reported in the literature since collagen is involved in the onset and progression of breast cancer [32] . Thus the quantification of collagen content in breast lesions with respect to the surrounding healthy tissue might have diagnostic relevance.
In order to evaluate if also the differences between malignant and benign tissue are statistically significant, the Mann-Whitney test was applied to ∆C i values obtained for malignant and benign lesions. Table 5 reports the corresponding p-values. Significant p-values are obtained for oxy-hemoglobin and collagen. This suggests that benign and malignant lesions could potentially be discriminated on the basis of these two constituents, even if the difference is not highly significant. These results could be relevant for the discrimination of benign and malignant lesions since they are in line with what is known from pathology, namely that the development of breast cancer tissue involves neoangiogenesis and the presence of a marked stromal component, rich in collagen.
It can be observed from data reported in this paragraph that the discrimination between benign and malignant breast lesions is less significant if the constituent concentrations variation instead of the absorption variation is considered.
Study limitations
The data analysis procedure by means of the perturbation model presented here has some critical aspects. They mainly concern geometrical assumptions in the perturbation model and the assessment of lesion volume. As mentioned in Section 3.2, the perturbation model relies on the a priori knowledge of the volume and location of the inhomogeneity, which is always assumed as spherical, since only one dimension (i.e., the maximum diameter) of the lesion is known, and located halfway between the injection and detection points.
As studied elsewhere in the case of a totally absorbing lesion, assuming the same volume, the dependence on the shape of the lesion is negligible when the three dimensions are similar as in the case of a sphere and of a cylinder with equal height and diameter [45] . We have not studied yet the case of large differences in dimensions.
Imaging by optical means might detect composition variations corresponding to a bigger area than the real tumor volume, leading to show a bigger diseased area. This could happen if vascularization were not strictly limited to the tumor location, but extended beyond it. We need to understand if this aspect has to be taken into account for the correct assessment of the lesion volume.
Errors on the volume size lead to errors in the estimation of Δµ a and consequently of ∆C i . In the limit of small perturbation where the model used in the present study approaches the Born approximation, the relative uncertainty on the volume is reflected in a corresponding relative uncertainty on the absorption change, since the optical perturbation is related to the product of Δµ a and the lesion volume. Therefore it affects the absolute absorption values, but not the Δµ a line shape. For larger changes, the dependence on the volume is non-linear, and cannot be factorized as a constant term for all wavelengths, thus it can somehow affect also relative concentrations changes.
Another limitation of the model is that information on the lesion depth was not available, so it was located halfway between source and detector. Thus the effect of an incorrect assumption on the lesion depth on the estimation of the optical properties and constituent concentrations should be investigated.
Summary and conclusions
The in vivo characterization of malignant and benign breast lesions was performed in terms of both optical properties and main constituents of breast tissue, that are blood, lipids, water and collagen. In particular, a total of 62 lesions were analyzed, including 33 malignant and 29 benign lesions. For what concerns spectral changes in optical properties, a relevant variation was observed at 785 nm where oxy-hemoglobin has strong absorption and at 1060 nm where collagen absorption is marked. Moreover a statistically important discrimination can be seen at 905 and 930 nm where there is the peak of lipid.
For what concerns changes in tissue constituents, the lesion area is characterized by a higher amount of oxy-hemoglobin and collagen with respect to the healthy tissue and a decrease of the lipid content. This trend can be observed for both benign and malignant lesions, but also significant differences are obtained between the two lesion categories. In fact, they can be statistically discriminated on the basis of oxy-hemoglobin and collagen content. These results could be relevant for the discrimination of benign and malignant lesions since they confirm what is known from the patho-physiological point of view, namely that breast cancer is a strongly vascularized tissue and is characterized by the presence of a stromal structure, in which collagen is involved. Up to now, collagen has never been considered for the characterization of breast lesions. Collagen contribution to the tumor characterization might prove important, since it is involved in the development of the breast cancer.
Preliminary results reported here refer to group analysis showing that from the statistical point of view there is a good potential for lesion detection and characterization both in terms of absorption properties and constituent concentrations, while it is less straightforward the discrimination between benign and malignant tumor. For this reason, the classification of breast lesions on an individual basis will be tested at the end of the whole study, when enough data are available for a more robust conclusion. Moreover, up to now, all lesions were grouped in two classes, benign and malignant, although this classification gathers lesions that are quite diverse, such as cysts and fibroadenomas for what concerns the benign category. A further analysis to be performed with larger numbers will aim at identifying more homogeneous lesion classes.
